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Introduction
Climate change is one of the most serious environmental issues worldwide. While the substantial stock of greenhouse gases released in the atmosphere by human activities is responsible for a global climate change, it consists in return in an increase in temperature and in an increasing occurrence of extreme events according to the Intergovernmental Panel on Climate Change (IPCC, 2014) . A report of the United Nations Environment Program and the World Trade Organization reveals that the consequences from climate change are expected to become more widespread but also to intensify and that "even with small increases in average temperature, the type, frequency and intensity of extreme weather -such as hurricanes, typhoons, floods, droughts, and storms -are projected to increase" (WHO-UNEP, 2009, p viii) . Such a global phenomenon represents therefore an increasing threat to economic activities that will lead to substantial losses in terms of production and population well-being, as well as a serious threat to intergenerational equity, by placing an increasing burden on future generations.
An interesting peculiarity of these losses is that their intensity varies considerably across countries. A large number of studies shows the higher vulnerability of developing countries to climate change (see e.g. IPCC, 2014) . The main reasons identified stem from their lower incomes, limiting their ability to adapt to weather changes, but also from geographical causes. Indeed, Stern (2006) points out that "climate change will have a disproportionately damaging impact on developing countries due, in part at least, to their location in low latitudes, the amount and variability of rainfall they receive, and the fact that they are 'already too hot' (see Mendelsohn et al., 2006) ".
Some developed countries might accordingly be led to believe that the fight against climate change (i.e. mitigation) is mainly related to altruistic and fairness motives, and hence led to focus on their own adaptation. However, even if they are relatively preserved from the direct consequences of global pollution, the globalization and the resulting economic interdependence through international trade implies that damages from climate change in developing countries may also affect them. Empirically, Jones and Olken (2010) confirm that higher temperatures have no direct effect on rich countries' exports (at least for now), while they reduce significantly the growth of poor countries' exports. They conclude that rich regions may thus be indirectly affected by raising prices and reducing quantities of goods imported from poor regions. Focusing on the agricultural sector, Costinot et al. (2016) also find that the ill effects of climate change is damped when production adjustments caused by the evolution of comparative advantage are taken into account. The macroeconomic consequences of climate change are therefore related to its effects on trade flows, on comparative advantage across countries and, more generally, on international trade. All these elements hence stress the importance of studying if and how pollution costs could be transmitted from developing to developed countries through international trade. This is the purpose of our paper.
Overall, there is an extensive literature on trade and the environment, many of which attempts to explain the specialization of countries in green or polluting activities (see Copeland and Taylor, 2004 for a literature review). In particular, trade theory identifies the role of differences in the stringency of environmental regulation (pollution haven hypothesis), in factor endowments or in technology between countries to explain trade flows. However, so far, little attention has been given to the disparities of countries in terms of vulnerability to environmental damages while it could have significant consequences on international trade.
In this regard, two recent contributions represent notable exceptions. On one hand, using a computable general equilibrium model, Schenker (2013) shows that exogenous damages on developing countries affect the relative price of goods and in this way deteriorate the terms of trade of developed countries. He estimates that such an effect could be responsible for 16.4% of the total expected cost of climate change in the United States in 2100. On the other hand, through a static general equilibrium model, Ollivier (2016) points out that northern countries can have comparative advantage in the dirty sector, due to the lower vulnerability of their consumers to pollution that leads to a less stringent environmental regulation. Moreover, she finds that this specialization pattern benefits to the welfare of northern agents. 1 Consequently, while it is clear that the higher vulnerability to climate change of developing countries may affect the national welfare of developed countries through international trade, determining whether this effect is positive or negative and identifying the mechanisms through which it occurs remain open and crucial issues, on which this paper aims at shedding some new light. To address these issues, we consider the possible changes in both the terms of trade and the comparative advantage of countries over time, therefore extending the works of Schenker (2013) and Ollivier (2016) .
In addition, we go one step further by taking into account the intergenerational dimension of the consequences associated to the unequal vulnerability of countries to climate change. The reason is twofold. First, considering that generations overlap, agents may over-or under-accumulate capital relatively to the Pareto optimum. The potential impact of damages on the behavior of agents may thus have different economic implications according to the dynamic efficiency properties of the economy.
Second, the welfare effects of the unequal damages may also be unequally distributed across generations. Such welfare variations across generations correspond to intergenerational inequity.
Since Howarth and Norgaard (1992) and John and Pecchenino (1994) , authors have increasingly explored this dimension in environmental economics and emphasized that pollution may indeed lead to intergenerational inequity (see e.g. Seegmuller and Verchère, 2004 , Schumacher and Zou, 2008 , Varvarigos, 2011 or Constant and Davin, 2017 . Given the high persistence of greenhouse gases in the atmosphere, such a key issue seems particularly important in the context of climate change.
To deal with all these dimensions, we are using a dynamic general equilibrium model with overlapping generations. We formalize two regions, North and South, representing developed and developing countries respectively. They can produce and trade two goods -a green good and a brown good whose production generates pollution emissions. The stock of pollution, which evolves over time with economic activities, is responsible for damages unequally distributed around the world. There is a risk -increasing with the pollution stock -that extreme events destroy a share of the production. In this paper, we do not examine the uncertainty associated with extreme weather but focus on the deterministic effect of pollution on economic activity. Therefore, our pollution damages can also represent the productivity loss associated with the increase in temperature (see e.g. Dell et al. , 2012 or Burke et al., 2015 . In order to take into account the significant difference in terms of vulnerability between countries in a simple way, we assume that South is the only region that suffers from the direct damages due to climate change, while North is non-vulnerable. With this dynamic model, we obtain that the lifetime welfare of northern agents evolves across time until the economy converges to its long-term state. When the South' production is altered by climate change, the usual positive trend in welfare resulting from capital accumulation is questioned for both countries. More precisely, in the South region, climate damages impact negatively the net output of firms, and hence the remuneration of production factors and capital accumulation. By making capital more scarce, pollution affects the world prices and entails a negative income effect on northern agents. When pollution gets too high, so does the extent of 4 this negative effect. Therefore, we can observe that the welfare of successive northern generations declines constantly over time, characterizing intergenerational inequity as the younger generation is worse off than its parents.
Second, in the long run, we examine how an increase in the vulnerability of the South to climate change affects the stationary welfare of northern agents. We identify two channels: a terms of trade effect and a dynamic (in)efficiency effect. Both effects occur through the decrease in the world relative price of the green good driven by the increase in damages.
On one hand, movements in the world price modify the terms of trade. This generates a positive or a negative impact on the welfare in the North depending on its comparative advantage, which depends itself on the extent of the South's vulnerability. When this vulnerability is low, the North has a comparative advantage in the green sector. However, when this vulnerability is high, the relative capital abundance of the North becomes sufficiently high that it has a comparative advantage in the polluting -capital intensive -activities, despite its larger productivity in the green production. While the fall in the relative price of green to brown goods deteriorates the terms of trade in the first case, it improves it when the North is a net exporter of the polluting good. Thus, the terms of trade effect on northern agents' welfare is positive when the South's vulnerability is high, and negative otherwise.
On the other hand, the dynamic (in)efficiency effect depends on the dynamic efficiency properties of the North, i.e. if northern agents under-or over-accumulate capital with respect to the socially optimal solution. As the vulnerability of the South decreases the relative price of the green -labor intensive -good, damages entail a negative income effect on northern workers which reduces their ability to accumulate capital. Therefore, this effect is positive on welfare when the North over-accumulates capital, while otherwise it worsens under-accumulation and harms the welfare of agents.
The two effects of the South's vulnerability to climate change on northern agents' welfare can act either in same or opposite directions. In fine, we show that the North region suffers from the higher damages abroad, as long as agents' preferences for present over future consumption are sufficiently high. Unlike Schenker (2013) , this is the case even if there is an improvement in the North's terms of trade.
The paper is organized as follows. In Section 2, we introduce the theoretical model. Section 3 focuses on the equilibrium in the world economy with free trade, while the welfare implications of environmental damages is examined in Section 4. Finally, we conclude and discuss the policy 5 implications of our results in Section 5, while technical details are relegated to an appendix.
The model
Consider an infinite-horizon world economy comprised of finitely-lived individuals and perfectly competitive firms. Time is discrete and indexed by t = 0, 1, 2, ..., ∞. The world economy consists of two large (industrialized) regions, North and South referred to N and S respectively. We assume a dynamic Ricardian framework in which the two regions differ only with respect to their total factor productivity (TFP) in each sector and their vulnerability to climate change. They are identical in terms of labor endowment, technologies and preferences.
Production and Pollution
In each competitive economy i ∈ {N, S}, there are two sectors j ∈ {b, g}, one representative firm by sector and each firm produces one tradable good by using capital and labor resources at each date. The two goods consist in a brown good Y i b,t and a green good Y i g,t . For the sake of simplicity, the brown good production generates a pollution flow, while the green good production does not.
The stock of labor is normalized to one and given by L i t = L i b,t + L i g,t = 1, and the capital stock is given by
Using these production factors, the two goods are assumed to be produced with a Cobb-Douglas technology in each region:
where 0 < α j < 1 is the distribution parameter for factors in sector j and A i j is the total factor productivity (TFP) in sector j. In this paper, we consider the cross-region differences in sectoral TFP A i j as a motive for international trade, in accordance with recent empirical contributions (e.g. Fadinger and Fleiss, 2011 and Kerr, 2017). 2 Regarding the pollution intensity of sectors, it is found empirically that more physical capital intensive sectors generate more pollution than those relying more heavily on labor, both in developing and developed economies, partly because of their larger consumption in terms of energy (see e.g. Cole et al., 2008 ; Managi et al., 2009 and Broner et al., 2012) .
A recent study of Andersen (2017) concludes also that pollution emission is higher for industries that use more intensively tangible assets, such as physical capital, than intangible assets, such 2 We do not consider regulation differences and hence leave aside the Pollution Haven Hypothesis issue. 6 as human capital. We therefore assume that the brown sector is the most physical capital intensive and produces an investment good (physical capital), while the green sector produces a consumption good. 3
The flow of pollution emissions in each region i is a by-product of its production of the brown good Y b,t .
with θ > 0 an exogenous parameter, identical in each region, that controls the size of the carbon intensity.
The global stock of pollution, representing the stock of greenhouse gases (hereafter GHG, e.g. carbon dioxide, methane, nitrous oxide or ozone) in the atmosphere, increases with the emission flows of each region and partly leaves the atmosphere through a natural process in a share 0 < η < 1 (finite lifetime of GHG).
As Golosov et al. (2014) and Dietz and Stern (2015) , we consider that damages due to the level of GHG reduce the aggregate output. More precisely, at each period, the stock of pollution causes a damage that destroys a part 1 − Ψ i (G t ) of production in each sector. We define the undamaged part of production Ψ i (G t ) as this standard functional form:
where γ i > 0 captures the vulnerability of region i to global pollution. Damages are hence maximum (i.e. all production is destroyed) when G t tends to +∞ (Ψ i (G t ) → 0), while they are minimum (i.e. production is not affected) when G t tends to 0 (Ψ i (G t ) → 1). This paper takes into account the fact that developing countries are much more vulnerable to climate change than developed countries (see e.g. Mendelsohn et al., 2006 ; Stern, 2006 or IPCC, 2014 . To represent this significant difference in terms of vulnerability in a simple way and to focus on how climate change may affect the North through trade, we assume that the South is the only region that suffers from climate change, and thus that there is no direct damage in the North (i.e. γ N = 0). Then, in the remainder of the paper, we assume the following. 4 Assumption 2. γ N = 0 and γ S = γ > 0.
In region i, the representative firm of each sector j chooses inputs by maximizing its profit Π i j at each period t. Assuming perfect factor mobility between sectors, the latter are given by the following equation.
where p i j,t denotes the price of good j in region i, and w i t and R i t denote the wage and the rental rate of physical capital in region i respectively. With competitive factor markets, workers and capital owners are paid their marginal value products by the industry in which they are employed.
With k i j,t ≡ K i j,t /L i j,t representing the physical capital intensity of sector j, we derive the following factor prices.
We let the brown good be the numeraire and normalize its price to 1 such that p i g,t is the price of the green good as well as the relative price of green to brown goods. Solving the first-order conditions (6) with perfect mobility of factors between sectors, we obtain the optimal demand function for physical capital intensity used in each sector.
Then, we deduce from the two previous equations that the relative price of the green good p i g,t is:
By combining equation (6) with (8), factor returns can be expressed as follows:
We easily identify the Stolper Samuelson theorem such that when the relative price of the good g decreases, the return of the factor intensively used to produce this good decreases, while the return of the other factors increases. Therefore, under Assumption 1, the relative price of the green good has a negative effect on capital return and a positive effect on wage.
Using equation (7) and the full-employment conditions for factors i.e.
we can express the labor used in the green sector L i g,t and in the brown sector L i b,t as:
Households
We consider an overlapping generations economy. At each date t, a new generation of identical agents is born. We assume no population growth and we normalize to 1 the population size of each generation. Households in each region live for two periods -youth and old age. A representative agent born in period t cares about her/his consumption when young and old (c i t and d i t+1 , respectively). Her/his preferences are described by the following utility function:
where β ∈ (0, 1] denotes the individual preference rate for the future.
When young, the agent supplies inelastically one unit of labor remunerated at wage w i t . She/he allocates her/his income in consumption c i t and in savings s i t . When old, she/he is retired and uses entirely the return on her/his savings R i t+1 s i t to consume d i t+1 . Therefore, the representative agent solves the following dynamic program:
Solving the first-order conditions gives the standard agent's optimal choices:
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Free trade equilibrium
The world economy is composed of two regions, in which there is free trade in the brown and the green goods, while production factors (labor and capital) are immobile across regions. In other words, we assume that new units of capital are tradable, as the good used to invest in physical capital is free to move, but that the existing stock of capital is not. 5
The two regions differ in terms of sectoral TFP and of vulnerability to climate change damages.
Under free trade in the output of the green and the brown sectors, the relative price of the green good in terms of the brown good at each t is common to both regions and denoted p W g,t . Following Assumption 2, we denote for the rest of the analysis Ψ N = 1 and Ψ S = Ψ.
Intertemporal equilibrium
We define an intertemporal diversified equilibrium.
Definition 1. Given the initial conditions K
such that, for all t 0: i Factor prices are given by (6) and are identical in both sectors;
ii Households are at their optimum: The first-order conditions given by (13) are satisfied;
iii The physical capital accumulation equation is given by K i t+1 = s i t ; 7 iv Equation (2) gives the equilibrium value of the pollution flow;
v The market clearing condition for the brown good is given by
From the production functions defined in (1) and the optimal choices of consumers (13), the equilibrium condition on the brown good market (v in Definition 1) can be rewritten as:
From (6) and (8), it follows that the behavior of the two trading economies over time is determined by the evolution of the world relative price p W g,t and of the global stock of GHG G t both commons to the two regions.
Lemma 1. The dynamics of the world diversified economy is driven by the following equations:
Proof. See Appendix 6.1.
In this model, trade results from two forces. The first is the standard Ricardian force, such that a region has a comparative advantage in the sector in which it is relatively more productive. The second force emerges from the relative "endowments" of the production factors. While countries are assumed to have the same exogenous labor endowment L N = L S = 1, physical capital is produced and accumulated over time according to the country's TFP and its vulnerability to climate change. The two regions are thus differing in their capital stock for all t > 0, even if they start with the same capital endowment. Without loss of generality, we restrict our analysis to the relevant case in which production is diversified in both regions and the North is a net exporter of the green production when there is no climate change damage. 9 Thus, from Lemma 1, we assume the following.
Assumption 3. Using (17), we define T i
This assumption has two main implications. First, T > T ensures that in the absence of damage, the country relatively more productive in the green sector is a net exporter of this good, i.e.
the Ricardian law of comparative advantage holds. 10 A condition is required to satisfy this law because when North is more productive in both sectors with a comparative advantage in the green one, it accumulates more capital than South and has therefore an incentive to specialize in the capital intensive (polluting) production. Thus, in order to ensure a comparative advantage of North in green industries, capital intensity differences between the brown and the green sector has to be not too large (α b − α g low) with respect to the relative TFP advantage in the green sector for North (T /B large).
Second, T <T means that cross-country TFP differences are not too large so that both countries produce both goods in the absence of damage. For the rest of the analysis, we will focus on an equilibrium in which production remains diversified with pollution damages, i.e. L i j,t ∈ (0, 1). For this purpose, using Lemma 1, we define G 1 and G 2 as L S b (T, G 1 ) = 0 and L N b (T, G 2 ) = 1 respectively, and consider the case in which:
This condition on pollution does not imply that the North has always a comparative advantage in the green production. As pollution evolves across time, so can comparative advantages.
Steady state
At the steady state, the stock variables achieve a stationary level and the world relative price of the green good is constant. DenotingḠ andp W g , the steady state level of pollution and the steady state world relative price respectively, we get from Lemma 1: Lemma 2. Under Assumptions 1-3, the steady state of the world economy is characterized by the following set of equations:
From this lemma, we study the existence and the unicity of a steady state equilibrium and derive the following result: Proposition 1. LetḠ ≡ G(γ) and Ω ≡ Ω(γ). Under Assumptions 1-3, there exists a threshold γ such that G(γ) = Ω(γ). For γ <γ, the world economy achieves a steady state equilibrium in which both economies are diversified.
Proof. See Appendix 6.2
In line with the aforementioned mechanism, a high vulnerability of the South to climate change would prevent it to produce the capital intensive good. Therefore, γ has to be not too high to guarantee that both economies still produce both goods at the steady state, even in the presence of pollution.
Welfare analysis
This section explores how the welfare of consumers in a country that is not directly vulnerable to climate change, i.e. the North, may be affected by the climate damages occurring in other countries, i.e. the South. Such a welfare analysis enables us to examine carefully the indirect effects of climate change on developed countries that occur through international trade, in addition to its existing direct consequences.
In an international trade context, an event occurring in one country will be felt by all regions of the trading area once the event modifies the prices on international market. As a result, a damage that destroys a part of production in the South affects its trading partners through the modification in the world relative price p W g it entails. The welfare in the North economy therefore evolves with the global stock of pollution. In the following sections, we wonder what are the implications of pollution for the lifetime utility of a representative northern consumer in both the short and the long run.
Short-run implications
In this section, we wonder how the welfare of successive northern generations evolve over time when the South is vulnerable to climate change.
Using the demand functions given by (13) and expressing factor prices with (9), the northern agents' welfare -indirect utility -is given by the following function:
with C 1 a constant whose value is given in Appendix 6.3.
From equation (23), we see that the lifetime income of an agent born at time t depends positively on the world relative price of good g at time t and negatively on the world relative price of good g at time t + 1. This is because income during working period is driven by the return of labor at time t, which increases with p W g,t , while income during the retirement period depends on the return of capital at time t + 1, which decreases with p W g,t+1 . Using equation (15), we can define the relative price at time t + 1 as a decreasing function of the pollution stock at time t because the latter reduces the stock of capital in t + 1. Indeed, as summarized in Figure 1 , the global pollution G t entails damages that affect negatively the current net output of southern firms and hence the wages they pay to workers w S t . In this way, southern workers' savings s S t and the resulting capital stock in this region K S t+1 fall. The capital becoming more scarce in the South, the world relative price of the capital intensive good b increases, meaning that the world relative price of the green good p W g,t+1 decreases. It entails that the return of capital R t+1 in the North goes up with pollution. The lifetime income of a northern agent born in t is therefore an increasing function of the relative price of good g and of the pollution stock. We can rewrite the indirect utility function by using equation (15):
with C 2 a constant whose value is given in Appendix 6.3 and
The evolution of northern agents' welfare across generations is driven by the transitional dynamics of the world relative price and of the pollution stock. From the dynamical system presented in Lemma 1 and after defining the two loci GG ≡ We consider the standard initial conditions such that, in the absence of damage, the relative price of the capital intensive good decreases over time due to the capital accumulation process, meaning that p W g increases. 11 We show that this usual dynamics does not necessarily hold anymore because of the negative impact of pollution on the stock of physical capital. As illustrated in the phase diagram, when the initial level of pollution is not too high (G <Ḡ) and the initial relative price is betweenp W g and p max , the continuous upward trend of the world relative price of the green good no longer occurs. More precisely, we observe that, while pollution is still increasing over time, the relative price of g can either increase for some periods and then falling over time, or decrease for all periods along the convergence to the long-term state. This downward trend of the world relative price comes from the fact that the negative effect of pollution on the price through damages overtakes the direct positive effect of capital accumulation over time.
Having examined the dynamics of the variables driving the indirect utility of northern agents, we can study the evolution of the welfare of successive northern generations over time.
Proposition 2. Under Assumptions 1-3 and γ <γ, there exists a set of initial conditions K N 0 , K S 0 and G 0 such that, when β is sufficiently low, the welfare of successive generations is i) first increasing but then falling over time, or ii) always decreasing over time.
Proof. Directly obtained using the phase diagram depicted in Figure 2 with equation (24). 11 In absence of pollution damage γ = 0, the PP locus is an horizontal line defined by p max ≡p W g and the dynamics of both pollution and the relative price are always increasing as long as initial conditions on capital stock and pollution define an economy with p W 0 <p W g and G0 <Ḡ.
When the transitional path follows an upward trend in both pollution and the world price of the green good, the utility of successive generations is increasing over time. However, when the transitional path exhibits an increasing pollution and a decreasing world price of g, two competing effects on northern agents' welfare are at work. The decrease in the world relative price of goods harms their welfare by reducing their wages, while the increase in pollution improves it by increasing the returns on savings. When agents are very patient (β high), they highly value their consumption during retirement and hence the utility of successive generations is still increasing along the transitional path even though environmental quality and the relative price of goods are deteriorating. However, when agents are sufficiently impatient (β low), the South's vulnerability prevents the continuous improvement of welfare in the North economy and the welfare of successive generations is actually falling. 12
The fact that the welfare of northern generations is falling over time characterizes intergenerational inequity as the lifetime utility of a given generation is lower than those of the previous generations. This result reveals that, in an international trade context, climate change can cause intergenerational inequity even in an economy that would be completely preserved from its direct negative consequences.
Corollary 1. Under Assumptions 1-3 and γ <γ, there exists a set of initial conditions K N 0 , K S 0 and G 0 such that, when β is sufficiently low, the higher vulnerability of the South to climate change is a source of intergenerational inequity in the North.
Long-run implications
In the long run, the economy achieves a stationary state in which the global stock of GHG and the stock of capital are stabilized. The welfare of all generations are thus identical at this state, meaning that there is no intergenerational inequity issue anymore. However, the long-term analysis enables us to have a full picture of how the South's vulnerability to pollution affects the northern agents' welfare. In this section, we examine the impact of a permanent and unexpected increase in the South's vulnerability γ on the welfare of a northern generation, once the final steady state is achieved.
For that, we evaluate the indirect utility function (23) at the initial steady state and we totally differentiate the expression with respect to γ. Welfare effects are given by the following expression 13 :
The consequences of the South's vulnerability on northern agents' welfare consist in two effects, going through variations in the world relative price of the green good: a terms of trade effect (or ToT effect), captured by the first term of equation (25), and a dynamic (in)efficiency effect (or DyE effect), captured by the second term of equation (25). We are going to study the direction and the magnitude of these two effects in the following subsections.
Terms of trade effect
The terms of trade effect depends on the specialization of regions. A net exporter of the green good suffers from a decrease in the world relative price of this good, while a net importer benefits from it.
We determine the pattern of trade in the presence of pollution costs, by studying the net position of the North in regard to its exports of the brown good, denoted by e N b and equal to sgn Y N b − K N . Using equations (1), (6) (13), (15) and (17), we obtain 14 :
The vulnerability of the South to climate change γ has therefore a clear impact on the specialization of countries. More precisely, letting ε G/γ = ∂G(γ) ∂γ γ G(γ) the elasticity of the stationary stock of pollution to the South's vulnerability, we derive the following proposition. Proof. See Appendix 6.5
The elasticity of the stationary pollution stockḠ(γ) to the South's vulnerability γ has to be sufficiently low to ensure that an increase in vulnerability positively affects the damage in the 13 Details are provided in Appendix 6.4. 14 For the rest of the analysis, we define Ψ(γ,Ḡ(γ)) ≡ Ψ(γ).
South economy along the steady state (∂Ψ(γ)/∂γ < 0). Given this, we reveal that the magnitude of natural disasters, captured by γ, alters the specialization of countries along the steady state. This result is due to two effects of γ on the capital stock of regions, represented by the following expressions. 15
First, an increase in the South's vulnerability γ has a direct effect on the South (through Ψ(γ)). Provided that |ε G/γ | < 1/2, γ acts as a negative productivity effect that translates into a fall in wages, hence reducing savings and the accumulation of physical capital in this region. Second, as capital becomes more scarce in the South, the world relative price of the capital intensive good (i.e. b) increases, or equivalently the world relative price of the green good decreases (∂p W g /∂γ < 0). Therefore, it harms agents' wages and implies a fall in their savings and in the capital stock in both regions. In fine, the capital stock of each region is affected negatively by the climate damages occurring in the South but the degradation is worse in this latter region.
As a result, the North becomes relatively more capital abundant when the South's vulnerability to climate change increases.
When γ is high enough (i.e. γ >γ(β)), the capital scarcity of the South is so large that the North has a comparative advantage in the polluting -capital intensive -sector. Even if the North is relatively more productive in the non-polluting sector, when environmental disasters are sufficiently important the capital "endowment" differences are much stronger and become the main determinant of specialization. Therefore, damages from climate change distort the allocation of resources in favor of the green production in the South, and of the brown production in the North. Even if free trade is a way to efficiently allocate resources, the presence of pollution costs can imply that the allocation of resources does not necessarily correspond to the intuitive situation where countries are specialized in the sector in which they have the highest relative productivity.
Note that the thresholdγ(β), from which the comparative advantage of the North changes, depends on the preferences for the future β. The more agents value their consumption when old, the higher their capital accumulation and hence the higher the pollution stock. Thus, β favors the negative effect on the South and hence the North's specialization in the brown production (γ(β) goes down with β).
Knowing the specialization of regions, we can describe the sign of the terms of trade effect, going through the fall in the world relative price of the green good, and its implications in terms of welfare. This is the purpose of the following proposition.
Proposition 4. Under Assumptions 1-3, |ε G/γ | < 1/2 and γ <γ, when γ <γ(β) (resp. γ > γ(β)), the northern agents' welfare decreases (resp. increases) through the terms of trade channel when the South's vulnerability γ goes up.
Proof. See Appendix 6.5
The sign of the terms of trade effect depends on the level of the South's vulnerability γ. When the South's vulnerability is low, the North is a net exporter of the green good g in the long run, so that the decrease in the relative price of g deteriorates its terms of trade and hence the welfare of northern agents. Reversely, when the South's vulnerability is high, the North is a net exporter of the brown good b so that the decrease in the relative price of g improves its terms of trade and its welfare.
Dynamic (in)efficiency effect
The dynamic (in)efficiency effect depends on the dynamic efficiency properties of the North's competitive equilibrium. To examine it, we pay a particular attention to the northern capital stock that maximizes the social welfare in the North, i.e. satisfying R N = 1. 16 With overlapping generations, an increase in capital accumulation in the long run contributes positively to agents' welfare only if there is dynamic efficiency, while it is damaging otherwise. Dynamic efficiency corresponds to situations in which the savings rate of agents is low, meaning that they underinvest in capital compare to the socially optimal solution. An increase in capital accumulation therefore enhances agents' welfare in this case. However, as shown previously, damages from climate change occurring in the South lead to a decrease in the world relative price of the green good, which reduces northern workers' wages and their ability to save. In this way, the South's vulnerability to climate change harms the capital accumulation in the North and affects the northern agents' welfare. That is what we call the dynamic (in)efficiency effect, whose direction is summarized in the following proposition. Proposition 5. LetK N being the efficient stock of capital in the North and K N ≡ K N (β, γ) .
Under Assumptions 1-3, |ε G/γ | < 1/2 and γ <γ, there exists a thresholdγ(β) such that K N (β,γ(β)) =K N . When γ >γ(β) (resp. γ <γ(β)), the welfare in the North economy decreases (resp. increases) through the dynamic (in)efficiency effect when the South's vulnerability to global pollution γ goes up.
Proof. See Appendix 6.6.
On one hand, the condition γ >γ(β) corresponds to the case in which the North economy is at a dynamically efficient equilibrium, or in other words in which the stock of capital is lower than the capital maximizing northern social welfare. In this case, an increase in the South's vulnerability reinforces the existing under-accumulation of capital in the North compared to the optimal allocation, which entails that northern agents' welfare deteriorates.
On the other hand, when the North is at a dynamically inefficient equilibrium (γ <γ(β)), damages in the South reduce the over-accumulation of capital and we find that it improves northern agents' welfare. The reason is that these agents value a lot their consumption when old (sufficiently to over-accumulate capital) and, by reducing the stock of physical capital, damages increase the return of their savings which benefits them.
The fact that the North is at a dynamically efficient or inefficient equilibrium (γ ≶γ(β)) depends logically on individuals' time preference β. Indeed, this parameter determines the importance agents attached to their future and hence the extent of their savings and their capital accumulation. We can extend Proposition 5 according to this key parameter. Corollary 2. Under Assumptions 1-3, |ε G/γ | < 1/2 and γ <γ, there exists a thresholdβ such thatγ(β) = 0. When agents in the world economy are sufficiently impatient with β <β, an increase in the South's vulnerability always reduces northern agents' welfare through the dynamic (in)efficiency effect.
Proof. Under Assumptions 1-3, |ε G/γ | < 1/2 and γ <γ, the thresholdγ(β) is increasing with β andγ(0) < 0. Thus, there exists a unique thresholdβ such thatγ(β) = 0. When β <β, we havẽ γ(β) < 0 and hence the condition to observe a positive dynamic (in)efficiency effect, γ <γ(β), never holds.
As long as northern agents value sufficiently their young age (β <β), the North economy under-accumulates physical capital in the absence of damage. As damages harm capital accumu-lation, an increase in damages always cause welfare to fall in the North. Therefore, in this case, the vulnerability of the South to climate change always leads to a negative dynamic (in)efficiency effect on their welfare.
On the contrary, when β >β, the sign of the dynamic (in)efficiency effect depends on the vulnerability of the South to climate change. Indeed, this condition implies that in the absence of damage, the North over-accumulates capital such that both scenarios can emerge. An increase in climate damages in the South improves or reduces northern agents' welfare, depending on the vulnerability to pollution γ. Figure 3 illustrates this case, by plottingK N and K N as a function of γ when β >β. We find that, even when agents' preferences would lead to an over-accumulation of capital in the absence of damage, the dynamic (in)efficiency effect on welfare is negative as long as the vulnerability of the South is sufficiently high. 
Net effect on the long-term welfare
After examining the two effects through which the South's vulnerability to climate change affects the northern agents' welfare, we wonder about its net aggregate effect. These two effects may oppose or reinforce each other. This section aims at giving some insight into the different possible scenarios in order to determine the net effect of the South's vulnerability on the welfare in the North. For that, we rewrite equation (23), representing the northern agents' welfare, as a function of the stationary world relative price p W g only.
In this way, we clearly identify a condition on β that determines the global effect on welfare.
Proposition 6. Under Assumptions 1-3, let |ε G/γ | < 1/2 and γ <γ, there exists a threshold When β <β (resp. β >β) , the welfare of a generation in the non-vulnerable economy, once the final steady state is achieved, decreases (resp. increases) with the South's vulnerability γ. When β =β, the long-run welfare in the North does not depend on the South's vulnerability γ because the terms of trade and the dynamic (in)efficiency effects exactly offset. However, the damages from climate change in the South are always detrimental to northern agents' welfare as long as they sufficiently value their young age with respect to their old age (β <β).
Therefore, we conclude that northern agents would benefit from an action preventing or minimizing the damages from climate change occurring in the South, when agents' preferences for the present is not too low. This recommendation is in line with Schenker and Stephan (2014) , for whom an adaptation to climate change in the South funded by North may benefit to the donor. However, while this result is conditional upon the fact that the South's vulnerability deteriorates the terms of trade for North in Schenker and Stephan (2014) , it holds in our paper even in the case in which the evolution in the terms of trade is in favor of the North.
Conclusion and discussion on policy implications
This paper explores the consequences of the unequal distribution of climate change damages in the world. Using a multi-sector dynamic general equilibrium model, we discuss how the damages from climate change occurring in a vulnerable country (South) can spill over to a non-vulnerable country (North) through international trade. We identify that the negative effects of global pollution on the South have also harmful consequences for the North in the short and in the long run, as long as northern agents value sufficiently their welfare when young. In the short run, the damages from climate change in the South can represent a source of intergenerational inequity in the North, in the sense that northern agents' welfare is decreasing over generations. The reason is that natural disasters in the South lead to a negative income effect for southern agents that harms their physical capital accumulation. In this way, damages modify the world relative price of goods and hence northern agents' income. In the long run, low preferences for the future imply that the larger the vulnerability of the South to climate change, the lower will be the long-term welfare toward which the North tends. This negative effect of the damages in the South on the northern economy comes from two possible effects (one of them or both): a deterioration of the terms of trade of the North -whose comparative advantage can evolve with climate change -, and an under-accumulation of capital in the North entailed by the modifications of world prices.
Overall, the international community has become increasingly aware of the importance of public interventions and international cooperation in preventing the welfare loss resulting from climate change. Our analysis reinforces this idea by showing that, in a world with free trade, there can be strong economic incentives for countries -even if their exposure to the direct effects of climate change is low -to fight against this global phenomenon (i.e. invest in mitigation) and
to provide assistance to countries that are more vulnerable to climate change (i.e. help them to adapt).
Logically, the questions of the kind of policy to implement and of their acceptability arise.
As our model includes relevant elements to examine the indirect welfare effects of pollution in an international trade context, we provide a brief discussion about these key issues in the following paragraphs. However, note that in order to formulate detailed policy prescriptions, our setting would require some adjustments, that we leave for future research.
Regarding the policy instruments, the North's action could take the form of contributions to climate funds supporting developing countries' adaptation to climate change and/or of technological transfer programs as the clean development mechanism (CDM) for example. 17 Regardless the form of the action, it would entail a cost for the North, that would be readily accepted by the population if it is more than compensated by the benefits of exchanging with a country less affected by environmental damages.
However, the distribution of theses benefits can be unequal across time and across population, which can create obstacles to the acceptance of such policies. First, this paper points out that, in the short run, agents do not always perceive the negative effect of abroad damages from climate change at the beginning of the convergence to the long-term state. North may indeed experience an improvement of welfare for some generations, before pollution and the resulting damages become too important and northern agents' welfare declines over time. Consequently, the implementation of these costly measures may generate conflicts between agents living at different periods of time.
Second, as underlined by Karp and Rezai (2014) , when looking at the acceptability of a policy, one crucial conflict is those between the different types of agents or generations alive when the policy is first implemented. In this vein, Chiroleu-Assouline and Fodha (2005) examine intergenerational distributional aspects of environmental taxes and determine the conditions to have an environmental reform which is welfare improving for the generations bearing it. We examine this issue in Appendix 6.7 and find that the benefits of an environmental policy introduced by the North may differ between the young and the old generations alive in the North when implementing the policy. We identify conditions such that fewer damages in the South always improve the welfare of the young by increasing their labor income whereas it may decrease the welfare of the elderly by reducing the return on capital. Therefore, a conflict between the two generations can emerge while discussing about the policy implementation, even if its aggregate impact is positive.
Policy measures against climate change, especially those focusing on foreign countries, may face low public support if their benefits are not well perceived. Yet, some economic benefits of these policies may exist even for a country relatively sheltered from the direct effects of climate change, as suggest the costs of climate change spreading through trade we show. Given the necessity of public support to establish such a policy and the two potential sources of misperception aforementioned, it appears that assessing clearly the economic benefits associated to the different climate policies represents a key challenge for the future. That is why we think that examining further the economic consequences of a policy preventing or minimizing the damages from climate change abroad in an international trade context is an interesting avenue for future research.
Appendix

Proof of Lemma 1
Using (6) and (14), we have
From the capital market equilibrium in each country and equation (8), we have
Combining these equations with (10), we obtain
The key variable that guarantees world general equilibrium with international trade is the world relative price p W g,t . Equation (28) can be written as
Lemma follows.
Existence and unicity of steady state: Proof of Proposition 1
Combining equations (19) and (20) provided in Lemma 2, a steady state equilibriumḠ has to
The corresponding steady state relative price is given by:
The threshold Ω is given by Ω = min{G 1 , G 2 } with G 1 and G 2 such that L S b (T, G 1 ) = 0 and L N b (T, G 2 ) = 1. The condition G < Ω thus guarantees that the equilibrium steady state is diversified, i.e. 0 < L N b , L S b < 1. Under Assumptions 1-3, the function F 1 (G) is positive and it is increasing and then decreasing in G with ∂F 1 (Ω)/∂G > 0. F 1 (G) is thus increasing in (0, Ω) with F 1 (0) = 0. The sign of the slope of function F 2 (G) is driven by:
Under Assumptions 1-3, this term is decreasing in G when G < Ω. Thus, for G < Ω, F 2 (G) is downward sloping with F 2 (0) > 0 and F 2 (Ω) > 0 and F 1 (G) is upward sloping with F 1 (0) = 0 and F 1 (Ω) > 0. The condition to have a long-term diversified equilibrium is thus that:
From (4), (17) and (18), an increase in γ causes Ω to fall and hence causes F 1 (Ω) to fall and F 2 (Ω) to rise. When γ = 0, Ω tends to infinity with lim Ω→∞ F 1 (Ω) > lim Ω→∞ F 2 (Ω). When γ tends to infinity, Ω is equal to zero with F 1 (0) < F 2 (0). As a result, there exists a thresholdγ such that when γ <γ the condition given by (29) holds. In this case, there exists a unique steady state:Ḡ ≡Ḡ(γ) ∈ (0, Ω).
Welfare Analysis: Short-term implications in the non-vulnerable economy
The indirect utility in the North is given by the following expression:
We can express factor prices as functions of the relative price by using (9). In this way, we obtain a function that depends on the relative price only:
is a function of p W g,t and G t , using equation (15), we can also express the indirect utility as:
To describe the dynamics of this model, we define the two loci GG ≡
Using Lemma 1, we have:
The functions F 1 (G) and F 2 (G) are already defined in Appendix 6.2, to derive the existence of the steady state. The dynamics in the North economy can be depicted by a phase diagram whose phase lines are given by GG and PP loci. Under Assumptions 1-3, the term Υ(G) is increasing in G for G ∈ (0, Ω) meaning that PP locus is downward sloping. Using the results provided in Appendix 6.2, GG locus is upward sloping for G ∈ (0, Ω). Thus, the dynamics can be depicted in Figure 2 .
The transitional path depends on initial conditions on the pollution stock G t=0 ≡ G 0 and on the price p W g,t=0 ≡ p W g,0 . The latter is given by initial conditions on the capital stocks of North and South K N 0 and K S 0 , and on pollution G 0 . Indeed, from (8) and (10)
. Replacing it in the equilibrium condition on the brown good market (14) and using (6), we have:
From this equality, we have:
with Θ(0, K S 0 , G 0 ) > 0, Θ(K N 0 , 0, G 0 ) > 0, Θ(0, 0, G 0 ) = 0 and Θ(K N 0 , K S 0 , 0) > 0. We focus on the case in which G 0 <Ḡ, and p W g,0 < p max with p max the relative price of good in the absence of pollution. In that case, we can observe a transitional path with a decreasing trend in p W g if initial conditions on K S , K N and G are such that the initial relative price p W g,0 is above the PP locus that prevails along the steady state. Finally, we can summarize this situation by the following conditions:
In the absence of damage, γ = 0, we havep W g = p max , meaning that the condition (31) never holds. Under Assumptions 1-3 and γ <γ, Υ(G) is increasing in G. For all initial values G 0 <Ḡ, we thus havep W g < p max . Given the properties of the function Θ(K N 0 , K S 0 , G 0 ) presented above, when G 0 <Ḡ there always exists a set of value (K N 0 , K S 0 ) that satisfies inequality (31) and hence the condition (31) to observe a decreasing trend in p W g over time.
Welfare Analysis: Long-term implications in the non-vulnerable economy
The stationnary indirect utility in the North is given by the following expression:
Let ω N = w N /p W g , from (32) it follows that:
Using the fact that dω N /dp W g = (p W g ) −1 (dw N /dp W g − w N /p W g ) and β 1 + β w N = K N we have:
In each country, the gross domestic product is equal to the total revenue of capital and workers:
By differentiating this equation, we obtain:
Combining (34) and (35), we obtain:
Moreover differentiating factor price, we have:
Using (36) and (37), equation (33) can be written as:
and after simplifications, we have:
Finally, this expression can be expressed as follows:
and we obtain the indirect utility given by equation (25).
Pattern of trade along the steady state: Proof of Propositions 3 and 4
Using (26), the pattern of specialization along the steady state is the following:
North is a net exporter of the green good.
North is a net exporter of the brown good.
It depends on how the undamaged part of production Ψ(γ) responds to the South's vulnerability γ. For γ = 0, Ψ(γ) = 1 and the scenario a is observed. For γ =γ, under Assumption 3, North is perfectly specialized in the brown good and the scenario b is observed.
From (4), we have: (γ) . Thus, when |ε G/γ | < 1/2, we have ∂Ψ(γ) ∂γ < 0 and there exists a threshold γ(β) ∈ (0,γ) such that Ψ (γ(β)) = (B)
The way the damages from climate change affect the North along the steady state depends largely on capital accumulation, which is driven by agent's time preference β. We have thus defined the steady state value for pollution asḠ ≡ G(γ, β) and the threshold on γ as a function of β. We have ∂G(γ,β) ∂β > 0. This result is derived by using functions F 1 and F 2 , provided in Appendix 6.2, whose intersection gives the steady state equilibrium G(γ, β). Following an increase in β, F 1 (G) shifts downward while F 2 (G) shifts upward, meaning that the equilibrium value G(γ, β) increases. As G(γ, β) is an increasing function of β, from (26),γ(β) goes down with β. Then, the propositions follow.
Proof of Proposition 5
The social welfare in the North, defined by a social planner that treats all northern generations equally, is maximized for an allocation that satisfies that the marginal product of capital is equal to one (i.e. R N = 1). Using (6) along the steady state, we obtain that a marginal product of capital equal to one implies k N b = A N b α b 1 1−α b . From the equilibrium on the brown good market along the steady state, K N = Y N b , and (1), we have:
The stock of capital that guarantees a steady state marginal product of capital equal to one in the North is thus: (8), (13), (20) and the equilibrium on the capital market along the steady state, K N = s N , the stationary competitive stock of capital is:
Under Assumptions 1-3 and for γ <γ and |ε G/γ | < 1/2, Υ(G(γ, β)) increases with γ which implies ∂K N /∂γ < 0. Indeed, Υ depends on γ only through the undamaged part of production Ψ. From Assumptions 1-3 and for γ <γ, the term Υ goes down with Ψ and for |ε G/γ | < 1/2 the undamaged part of production falls with γ along the steady state.
The competitive stock of capital corresponds to those maximizing the social welfare in the North if and only if:
Under Assumptions 1-3 and for γ <γ, there exists a unique value of γ,γ(β), which guarantees that the competitive stock of capital satisfied R N = 1. When γ >γ(β), R N > 1 and K N <K N :
There is under-accumulation of capital. Reversely when γ <γ(β), R N < 1 and K N >K N :
There is over-accumulation of capital. Under Assumptions 1-3 and for γ <γ, we have the following properties forγ(β):γ(β) decreases with β andγ(0) < 0, meaning that there is under-accumulation of capital ∀ γ when β = 0. Given the fact that K N is decreasing with γ, an increase in South's vulnerability makes the competitive solution farther to the efficient allocation in the first case and closer in the second case.
Discussion: Welfare implications of a decrease in damages on northern generations
We do not formalize policy measures in our study but we can appreciate their potential benefits by examining the impacts of a variation in parameters θ and/or γ. We can suppose an investment in clean development mechanisms (CDM) that aims at mitigating emissions abroad (i.e. decreasing the pollution intensity θ), or a contribution to climate funds supporting adaptation that consists in reducing the South's vulnerability (i.e. γ).
Leaving aside the financial cost of such an environmental policy, we provide some insight into the necessary conditions for its acceptability by the different generations alive when the policy is first implemented in the North. To this aim, we examine the distributive effect of an exogenous fall in damages (captured by a decrease in γ and/or θ) between consumption of young and old people at the steady state. 18
The following expressions correspond to the welfare -indirect utility -of the young (V N y (p W g )) and of the old (V N o (p W g )) northern agents that coexist along the steady state:
From the previous analysis, we know that an -exogenous-decrease in damages in the long run increases the relative price p W g (see Lemma 1 with Assumptions 1 to 3). Using the indirect utility functions given in (39), we obtain: Result 1. Under Assumptions 1-3, let |ε G/γ | < 1/2 and γ <γ. At the steady state, when the damages from climate change on the South decrease, the welfare of the northern young always increases while the welfare of the northern elderly decreases (resp. increases) for α b + α g < 1 (resp. α b + α g > 1).
This result gives intuitions about how northern agents coexisting at a given period of time are affected by a reduction in environmental damages in the South. We reveal that it could create a potential conflict between the two generations -young and old -as they are not affected in the same way by the spillover effects of pollution.
As the damages in the South lower the return of labor, it necessarily decreases the first period utility of young northern agents. However, in the absence of direct damages from climate change in the North, the elderly benefits from the damages in the South when capital intensity is not too high (α b + α g < 1). Under this condition, they have no economic incentive to accept and to contribute to the funding of an environmental policy aiming at proving assistance to the South.
Even if such measures may generate benefits in the future, these benefits would occur beyond the lifespan of the elderly generation.
